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Core-excited states of SF6 probed with soft X-ray femtosecond transient absorption of
vibrational wavepackets
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4International Research Center of Spectroscopy and Quantum Chemistry – IRC SQC,
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5Department of Physics, University of California, Berkeley, CA, 94720, USA
(Dated: July 1, 2022)

A vibrational wavepacket in SF6, created by impulsive stimulated Raman scattering with a few-
cycle infrared pulse, is mapped onto five sulfur core-excited states using table-top soft X-ray transient
absorption spectroscopy between 170-200 eV. The amplitudes of the X-ray energy shifts of the
femtosecond oscillations depend strongly on the nature of the state. The prepared wavepacket is
controlled with the pump laser intensity to probe the core-excited levels for various extensions of
the S-F stretching motion. This allows the determination of the relative core-level potential energy
gradients, in good agreement with TDDFT calculations. This experiment demonstrates a new means
of characterizing core-excited potential energy surfaces.

Molecular potential energy surfaces (PESs) dictate the
coupled electron-nuclear dynamics following electronic
excitation. In particular, PESs of core-excited states are
of considerable interest because core-level excitation can
induce ultrafast nuclear motion on a timescale shorter
than the few-femtosecond core-hole lifetime [1–3]. The X-
ray absorption spectrum of a molecule in its vibrational
ground state probes only a small region of the PES, at
the equilibrium geometry of the ground electronic state.
In order to access a larger range of the core-excited PES,
multiple infrared (IR) pump - X-ray probe schemes have
been theoretically proposed [4–9]; the IR pulse excites the
molecule to higher vibrational states where the nuclear
wavepacket has a larger spatial extension, so that sub-
sequent absorption of the X-ray pulse can probe regions
of the PES that are otherwise inaccessible. The exper-
imental implementation of these proposals requires few-
femtosecond to attosecond X-ray pulses, now available at
X-ray Free Electron Laser facilities and from table-top
sources based on high-order harmonic generation (HHG)
[10]. Indeed, X-ray transient absorption spectroscopy is a
sensitive probe of structural dynamics [11]; as the geome-
try changes, the energy of the electronic transition in the
X-ray region is modified. This technique has been suc-
cessfully used to observe vibrational wavepackets in neu-
tral or cationic molecules, often accompanying strong-
field ionization in e.g. Br2 [12, 13], DBr [14], NO [15],
CH3I [16], CH3Br [17] and C2H4 [18], or single-photon
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and Raman excitation in I2 [19] and alkyl iodides [20]. In
these cases, the vibrational coherence is typically mapped
onto a dissociative core-excited state of predominantly
nd−1σ∗ (for halogen-containing species) or 1s−1π∗ char-
acter, which corresponds in the single-particle picture to
the excitation of a non-bonding core electron to an anti-
bonding molecular orbital.

In this letter, we use a combination of IR and soft X-
ray (SXR) few-femtosecond pulses to experimentally map
a vibrational wavepacket onto five sulfur L-core-excited
states of SF6 in the 170-200 eV energy range (Fig. 1).
The IR pump pulse produces a coherent superposition
of vibrational states in the ground electronic state by
Impulsive Stimulated Raman Scattering (ISRS) [21, 22]
and the X-ray absorption energy is probed as a function
of the time-delay between the two pulses. The amplitude
of the oscillations in energy observed in the transient ab-
sorption depends strongly on the core-excited state, in
agreement with the nature of the populated molecular
orbitals and with Time-Dependent Density Functional
Theory (TDDFT) calculations of the core-excited PESs.
The intensity of the short IR pulse is used to control
the number of vibrational states in the superposition to
extract one-dimensional potential energy gradients along
a normal mode selected by detection at its vibrational
frequency [23].

The SF6 molecule is chosen for its numerous S 2p core-
excited states accessible in the SXR, due to the presence
of a shape resonance: 2p−1

3/2 a1g and 2p−1
1/2 a1g which lie

below the respective 2p ionization potentials at 172.27
and 173.44 eV respectively, and 2p−1

3/2 t2g, 2p−1
1/2 t2g

and 2p−1 eg located in the shape resonance at 183.40,
184.57 and 196.2 eV respectively [24, 25]. This poly-
atomic molecule possesses fifteen vibrational modes but
due to its high symmetry many of them are degenerate.
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FIG. 1. a) Illustrative schematic of the experiment princi-
ple overlaid on the calculated ground (bottom, black) and
core-excited (top) states potential energy curves along the ν1
mode. b) Same as a) along the ν2 (dashed line) and ν5 (full
line) modes. Only the 2p−1 a1g states are shown because
these vibrational modes lift the degeneracy of the 2p−1 t2g
and 2p−1 eg states outside the equilibrium geometry.

Among those, three are Raman-active [26]: the symmet-
ric stretch ν1 (ν1 = 775 cm−1, T1 = 43 fs), antisymmetric
stretch ν2 (ν2 = 643 cm−1, T2 = 52 fs), and bend ν5 (ν5

= 525 cm−1, T5 = 63 fs). They can be excited by ISRS
with IR pulses shorter than their vibrational period, and
the corresponding multimode wavepacket dynamics have
been characterized with high-harmonic spectroscopy [27–

FIG. 2. a) Measured (blue) and calculated (orange) SF6 ab-
sorption spectrum at the S L2,3 edge. The pre-edge back-
ground absorption has been subtracted in the measurement.
The calculated energies are shifted by +6.0 eV. The addi-
tional doublet of eg symmetry calculated around 190 eV is not
observed in the experiment. b) Transient absorption spectro-
gram. Positive delays correspond to the SXR pulse following
the vis-NIR pulse. c) Squared Fourier transform of b. Fre-
quencies of the ν1, ν2 and ν5 modes are indicated as vertical
dashed lines.

30]. Figure 1 shows the relevant ground and core-excited
potential energy curves calculated by, respectively, DFT
[31] and TDDFT [32] methods using the ORCA software
[33] with B3LYP functional [34–36], ano-pVTZ basis set
[37], RI approximation [38] and quasi-degenerated per-
turbation theory [39] for spin-orbit coupling inclusion.
Preliminarily, the geometry and vibrational modes of SF6

were calculated by DFT under Oh symmetry constrained
with the help of the GAMESS software [40] using the
B3LYP functional and def2-TZVP basis set [41].

The experimental setup has been described elsewhere
[42]. Briefly, 85% of the energy of a commercial
Ti:sapphire laser delivering 13 mJ, 30 fs, 800 nm pulses is
used to pump a multistage optical parametric amplifier
that converts the wavelength to 1300 nm. The result-
ing short-wave infrared (SWIR) pulses are compressed
to 12.8 fs full-width at half-maximum (fwhm) with a
hollow-core fiber (HCF) compressor, and focused into a
semi-infinite gas cell filled with 2 bar of flowing helium for
HHG. This yields SXR pulses with a continuous spectrum
extending up to 370 eV. The remaining SWIR light is fil-
tered out with a Sn film, and the SXR pulses are focused
by a toroidal mirror into a gas cell filled with 25 mbar of
SF6. The SXR spectrum I is measured after dispersion
on a grating and imaging on an X-ray CCD camera. The
absorbance A is defined as A = − log10(I/I0), where I0
is the spectrum measured without sample.

In the time-resolved experiments, the remaining 2 mJ,
800 nm pulses are simultaneously compressed in a sec-
ond HCF compressor to produce 0.75 mJ, 6 fs pulses
in the visible-near IR (vis-NIR). After propagation in a
piezo-controlled delay line, the vis-NIR pulses are focused
with a f = 37.5 cm mirror into the gas cell to excite the
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molecules. The change in absorbance at a delay τ after
the pump vis-NIR pulse is ∆A(τ) = − log10(Ion(τ)/Ioff),
where Ion and Ioff are the spectra measured with and
without the pump pulse at each delay, respectively. The
ensemble of pump-off spectra is used for the edge-pixel
referencing technique applied to reduce the SXR fluctu-
ations noise in the transient absorption data [43]. In this
all-optical experiment, the time and energy resolutions
are not interdependent through the uncertainty principle
(as opposed to core-level photoelectron spectroscopy that
was proposed in [44] to probe SF6 vibrations) so that they
can be both optimally short and narrow, respectively.

Figure 2a shows the absorption spectrum of SF6 in
the vicinity of the S L-edge measured in the absence of
the vis-NIR pulse (blue curve). Five peaks are observed,
corresponding to the excitation to the spin-orbit split S
2p−1 a1g and S 2p−1 t2g states as well as a broad band
attributed to the S 2p−1 eg doublet, in agreement with
reported synchrotron data [24] and our B3LYP TDDFT
calculations (orange sticks). Our discussion focuses now
on the dynamics outside of the temporal overlap of the
pulses, as opposed to the recent work of Rupprecht et
al. [45]. The transient absorption of SF6 after excita-
tion by the ≈ 6 × 1014 W/cm2 vis-NIR pulse is shown
in Fig. 2b. Clear oscillations of the absorbance are ob-
served at positive delays for the five peaks with a period
of ≈ 43 fs. The oscillations are long-lived, and the Fourier
transform in Fig. 2c reveals a single feature at 775 cm−1

corresponding to the ν1 vibrational mode, visible at the
energies of all the core-excited levels. With short pump
pulses in this intensity range, previous work showed that
the three Raman-active modes can be simultaneously ex-
cited [27–30], but only one is observed here. The positive
features appearing at positive delays in-between the as-
signed peaks in Fig. 2b may be attributed to strong-field
dissociation of SF6, although they differ in shape from
what was observed in [46]. Bands attributed to the for-
mation of SF+

5 in Ref. [46] were not observed under our
experimental conditions, despite our higher spectral res-
olution.

Mapping the same vibrational coherence onto five dif-
ferent core-excited states allows us to compare them. To
quantitatively characterize the PES gradients of the five
states for the ν1 normal mode, we use the vis-NIR pump
intensity to control the number of vibrational states in-
cluded in the superposition and therefore the nuclear
wavepacket. For ISRS excitation with an electric field
E , the nuclear wavefunction χ(q, t) satisfies the time-
dependent Schrödinger equation (in atomic units):

i
∂χ(q, t)

∂t
=

(
− 1

2µ

∂2

∂q2
+ V (q)

− 1

2

∑
i,j

αij(q)Ei(t)Ej(t)

χ(q, t) (1)

where µ is the reduced mass of the normal mode, V the
ground state PES, α the polarizability tensor and Ei the
amplitude of the electric field of the laser pulse along

FIG. 3. a) Simulated nuclear wavepacket after ISRS exci-
tation of the ν1 mode by a 6 fs, 800 nm pulse of intensity
6×1014 W/cm2. b-d) Measured absorbance A(τ) for the five
core-excited states at the same pump intensity.

the i axis. For the symmetric stretch mode ν1 the nor-
mal coordinate q identifies with the S-F distance. Fig-
ure 3a displays the squared nuclear wavepacket |χ(q, t)|2
in the ground state found from the numerical solution of
Eq.(1) with a 6×1014 W/cm2, 6 fs fwhm Gaussian pump
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FIG. 4. Amplitude of the absorption peak shift as a function
of the pump intensity for the five S core-excited states and
their linear fit (dashed line). The error bars represent the
95 % confidence bounds. The relative slopes are indicated
on the right, with numbers in parenthesis obtained from a
fitting procedure including other data sets described in [47,
48]. Illustrations of the eg, a1g and t2g molecular orbitals are
shown next to the corresponding state.

pulse and α and V (q) extracted from DFT B3LYP/def2-
TZVP quantum-chemical simulations under constrained
Oh symmetry with the GAMESS software. The theoret-
ical PES results in a smaller vibrational frequency than
the tabulated value (728 cm−1), giving a slightly longer
period of the wavepacket oscillations in Fig. 3a com-
pared to the experiment. At this pump intensity, vi-
brational levels up to ν1 = 3 are populated by ISRS [48],
and the S-F distance changes by ±2.4 %. As the center of
the wavepacket oscillates, it is mapped onto the five core-
excited PESs. The absorbance measured after excitation
with the 6 × 1014 W/cm2 vis-NIR pulse with 3 fs delay
steps is shown in Fig. 3b-d. Apart from a slight differ-
ence in frequency originating from the calculated ground
state potential, the absorbance oscillations nicely follow
the nuclear wavepacket. At each delay, the absorption
features are fitted by a Gaussian or Lorentzian function
depending on the core-excited state [24]. Their central
energy oscillates as a function of the vis-NIR - SXR de-
lay with a period of T1 = 43 fs. The oscillations of the
central energy are then fitted to a cosine function. Their
amplitudes are different for the five core-excited states
and inform on their relative PES gradients. The vis-NIR
pump intensity is varied with a broadband combination
of half-waveplate and polarizer between 2.6 × 1014 and
8 × 1014 W/cm2. This allows us to incorporate greater
or fewer vibrational states in the coherent superposition.
Calculations show that the nuclear wavepacket spatial ex-
cursion is linear with the laser intensity in this range[48].
A SXR transient absorption spectrogram is measured for
six different intensities, all other parameters remaining
identical. The amplitude of the central energy oscillation
for the five core-excited states at each pump intensity is
reported in Fig. 4. For the same nuclear geometry change

in the ground state (i.e. at a given pump intensity), the
SXR transition energies to the S 2p−1 a1g and S 2p−1 eg
states have wider excursions from the equilibrium geom-
etry transition compared to the S 2p−1 t2g state. This
result reveals the larger displacement of the PES along
the S-F bond upon excitation to the S 2p−1 a1g and
S 2p−1 eg states compared to S 2p−1 t2g. This differ-
ent behavior reflects the non-bonding character of the t2g
molecular orbital, whereas both the a1g and eg orbitals
are anti-bonding along the S-F bonds (Fig. 4) therefore
the electronic energy is more dependent on the internu-
clear distance.

More quantitatively, the linear increases of the energy
shifts with the pump intensity - which is the spatial ex-
tension of the nuclear wavefunction - can be extracted
from a fit of Fig. 4. These shifts are directly related to the
gradients of the PESs along the S-F distance. With the
lowest core-excited state S 2p−1

3/2 a1g taken as a reference,

the relative PESs gradients are 1.1 ± 0.3 (S 2p−1
1/2 a1g),

0.45 ± 0.1 (S 2p−1
3/2 t2g), 0.45 ± 0.1 (S 2p−1

1/2 t2g), and

1.3 ± 0.4 (S 2p−1 eg) (Fig. 4). The results are consis-
tent with the calculated PESs presented in Fig. 1. As
typically observed for core-excited states [3], these PESs
have steep gradients along the symmetric stretch mode
ν1, of the order of 10 to 30 eV/Å. At the equilibrium ge-
ometry, the gradients of the calculated PESs relative to
S 2p−1

3/2 a1g are 1.01 (S 2p−1
1/2 a1g), 0.38 (S 2p−1

3/2 t2g), 0.38

(S 2p−1
1/2 t2g), 1.05 (S 2p−1

3/2 2eg), and 1.05 (S 2p−1
1/2 2eg), in

good agreement with the experimental values. The spec-
tral broadening caused by the large gradient and addi-
tional spectral background of multielectron character [49]
does not allow the resolution of the eg doublet in prac-
tice. The calculated PESs for the ground state and the
two lowest core-excited states of a1g symmetry along the
normal coordinates of the two other Raman-active modes
(ν2 and ν5) are shown in Fig. 1b. The core-excited and
ground states are relatively parallel, confirming the lack
of observed oscillations in the experiment. A similar be-
haviour is expected for the higher eg and t2g core-excited
states, but vibrations along the non-totally symmetric ν2

and ν5 modes lift the degeneracy of these states, making
the calculations of the PESs more complex and beyond
the scope of this work.

Vibrational dynamics resulting from strong-field
ionization have previously been observed with X-ray
transient absorption spectroscopy [12–18]. Here, the
use of ISRS excitation provides a controlled vibra-
tional wavepacket in the ground electronic state of the
molecule. This in turn enables the characterization of
multiple core-excited PESs. These results are an experi-
mental demonstration of how to probe different regions
of the core-excited PESs with the IR pump/X-ray probe
scheme theoretically proposed over fifteen years ago [4–
6]. Taking advantage of the element specificity of X-ray
spectroscopy, multidimensional unexplored regions of
core-excited PESs in many systems are accessible with
this scheme, implemented either on table-top sources
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of femtosecond X-ray pulses or Free Electron Lasers.
These unexplored regions are expected to drive nuclear
dynamics, such as proton transfer in oxygen-core-excited
water dimers [6], and could therefore be used to control
chemical reactions in short-lived core-excited states.
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F. Gel’mukhanov, Enhancement of the recoil effect
in X-ray photoelectron spectra of molecules driven by a
strong IR field, Phys. Rev. A 72, 023414 (2005).
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